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Description

[0001] The invention relates to the provision of materials for use in electric heaters, parts, sensors and tools operating
in oxidative media at 1000-1900°C. The proposed heat-resistant material is suitable for manufacturing individual parts,
high-temperature protective coatings and high-temperature soldered joints of part components which, in their turn may
be manufactured from other high-temperature materials: refractory materials and alloys based thereon, carbon and
silicon-carbide materials, as well as composite materials based on silicides of refractory metals "REFSIC". The proposed
heat-resistant material may be used for producing composite materials and articles therefrom with the use of other high-
temperature materials in various combinations.

[0002] Known in the art are silicon carbide electric heaters with a known protective coating material, described in [SU
1694552 A1, C04B 35/56]. The protective coating is produced by applying a suspension based on molybdenum disilicide,
followed by roasting. Introduced into the suspension are 75-85% of molybdenum disilicide and 15-25% of zirconium
oxide stabilized with yttrium oxide, the ratio of these oxides being 9:1. The same ratio of the components is preserved
almost unmodified in the material of finished protective coating which may have a thickness of up to 200-250 pm. The
coating of a greater thickness peels off and degrades in the course of temperature cycling; if the thickness of the coating
is smaller, the service life of the coating material and of the whole heater under oxidative conditions at high temperatures
is noticeably reduced.

[0003] A disadvantage of such material is its low stability. The thickness of the coating cannot be increased without
formation of cracks because of a considerable difference in the values of thermal expansion coefficients of silicon carbide
(o = (4-4.6)x106 1/deg [V.V. Vikulin, Structural and Functional Ceramics, Obninsk, 1997, Institute of Nuclear Power (in
Russian)]), which constitutes the basis of the heater, and of tetragonal molybdenum disilicide (o, = = 8.2x10-6 1/deg, o,
= 9.4x106 1/deg), which, in its turn, constitutes the basis of the coating material. The oxide phase in the coating has a
still higher thermal expansion coefficient than molybdenum disilicide has. As a result, the coating cracks easily under
the effect of temperature cycling at a rate higher than 20°C/second, and the heater fails.

[0004] Known in the art are silicon carbide electric heaters comprising a known heat-resistant protective coating
material produced by powder metallurgy techniques [SU 1685752, HO5B 3/14]. The coating material comprises a sublayer
of molybdenum silicides Mo3Si and MogSi; having a thickness of 180-220 um and an outer sublayer of molybdenum
disilicide (MoSi,) having a thickness of 150-250 um. The total thickness of the protective coating layers cannot be
increased to exceed about 500 wm because of crack formation. To increase the service life at 1500-1600°C and under
temperature cycling conditions in an oxidative medium, the coating comprises two layers: a sublayer from lower molyb-
denum silicides Mo3Si and MosSi, contains them in the ratio of 1:5, and a layer based on molybdenum disilicide further
comprises 20-30% of an oxide filler from a mixture of zirconium and yttrium oxides in the ratio of 95:5 and sodium
aluminate with the following ratio of the components in the oxide filler: mixture of zirconium and yttrium oxides, 50-90%;
sodium aluminate, 10-50% by weight.

[0005] The main disadvantage of the material in the form of a two-layer coating is its low stability upon temperature
cycling at the rate of heating and cooling higher than 20°C/second and also at temperatures of 1600-1700°C and higher.
The thickness of the coating, limiting its service life, increased over SU 1694552 A1 to 470 pm, cannot be further
increased markedly without formation of cracks because of considerable difficulties in the thermal expansion coefficients
of the silicon carbide, the sublayer from lower molybdenum silicides and the layer of molybdenum dicilicide. This cir-
cumstance limits the stability of the coating material and of the whole electric heater under temperature cycling conditions,
especially at high rates thereof.

[0006] It is known to use molybdenum dicilicide [GB 2015910 A] as a cement for joining carbon articles.

[0007] The main disadvantage of molybdenum disilicide used for cementing together carbon articles is low stability
of the cemented joint. Under temperature cycling conditions, cracks are easily formed on the thus cemented articles
because of a large difference in the thermal expansion coefficient between molybdenum disilicide and carbon materials.
[0008] It is known to use an eutectic of molybdenum silicides MoSi, + MosSi; as a high-melting solder for soldering
refractory metals [G.B. Cherniack, A.G. Elliot, High-temperature behavior of MoSi2 and Mo5Si3, Journal of the American
Ceramic Society, vol. 47, No. 3, pp. 136-141.a].

[0009] The main disadvantage of the eutectic used for soldering is small stability of the joint under temperature cycling
conditions, this being connected with easy formation of cracks in soldered joints when their thickness exceeds 0.2 mm.
[0010] A high-temperature composite material is known [US 4970179, NPC 501-92], consisting of a silicide matrix
and silicon carbide dispersed therein. Molybdenum disilicide occupies 50-90 mole percent of the matrix and the remaining
portion thereof is occupied by at least one refractory silicide selected from the group consisting of WSi,, NbSi,, TaSi,,
MosSis, WsSis, NbsSis, TagSis, TigSis, TiSi,, CrSiy, ZrSiy, YSi,. Silicon carbide occupies 10-30 volume percent and is
in the form of submicron powders or whiskers (elongated single crystals) or a mixture of these forms consisting, mainly,
of particles with a diameter of 0.1-2.0 nm. As pointed out in the specification, an insignificant amount of (Mo, W)Si, solid
solution may be present in the material.

[0011] The main disadvantages of this composite material are: low resistance to crack formation and subsequent
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degradation under temperature cycling conditions with rates higher than 20°C/second in connection with high the content
of molybdenum disilicide in the material. Attempts to use this material as a solder will inevitably lead to degradation of
the submicron particles of silicon carbide present in the material.

[0012] The prior art most relevant to the proposed invention (prototype) is the known composite high-temperature and
heat-resistant material "REFSIC" [RU 2160790 C2, C22C 29/18, HO5B 3/14, C04B 35/58] comprising silicon carbide
and disilicides of molybdenum and tungsten in the form of MoSi,, WSi,, (Mo, W)Si,, MosSi3, WsSis, (Mo, W)Si; and/or
MozSi;C and/or (Mo, W)5Si;C phases with the following ratio of the components (vol.%): MogSi; and W5Si; and/or (Mo,
W)gSi; and/or (Mo, W)5Si;C and/or MogSi;C, 15-85; tungsten and/or molybdenum disilicides WSi, and MoSi, and/or
(Mo, W)Si,, up to 55; silicon carbide, 2-85; the content of molybdenum and tungsten in the total mass of the refractory
metals in the silicide phases of the material is in the ration (in wt.%): Mo, 7-80; W, 20-93.

[0013] The main disadvantages of the prototype material are connected with difficulties in using thereof for providing
soldered joints and protective coatings due to the presence in it of skeleton (coherent) structures composed of grains
of silicon carbide, whose volume fraction may reach 85%. It is just the cohesion of silicon carbide grains in the "REFSIC"
material that provides its heat resistance up to temperatures of 2000°C and higher. However, it is just the cohesion of
the silicon carbide skeleton that rules out the possibility of complete melting of the "REFSIC" material at temperatures
below 2000°C, most often required in soldering. Itis practically inexpedient to remelt "REFSIC" materials for subsequent
casting in molds: melting, as a rule, is incomplete, occurs within a wide temperature range (over 200°C). The obtained
melt after crystallization will not be the "REFSIC" material. Besides, the concentration of disilicides in "REFSIC" materials,
limited to 55 vol.%, not always allows obtaining the maximum high corrosion resistance in an oxidative medium in a wide
range of temperatures (heat resistance), including temperatures of 1200-1600°C. A relatively narrow spectrum of phase
and chemical compositionin "REFSIC" materials not always makes it possible to match the thermal expansion coefficients
of the coating and base material, of the soldered joint material and materials joined by soldering.

[0014] The technical result of the proposed invention consists in the provision of a heat-resistant material which may
be used both for manufacturing separate parts completely made from this material and for applying a protective coating
to high-temperature materials based on silicides of refractory metals and silicon carbide "REFSIC", to carbon, silicon
carbide materials, refractory materials and their alloys, and also to composite materials and articles therefrom, produced
from the above-said materials by soldering with a melt of such refractory material. The proposed heat-resistant material
which comprises silicides - solid solutions of refractory metals with a high heat resistance and resistance to thermal
shocks, this being ensured by the indicated phase composition of the material, by the possibility of obtaining heat-
resistant materials with different ratio of the main phases (silicides of refractory metals, silicides of other metals and
oxides), ensures high fluidity in the molten state within a wide range of compositions. Unlike the prototype material, the
proposed material, when used, in many cases generally does not contain silicon carbide does not contain silicon carbide
grains predominantly bound at lengths on the order of 1 mm and more, and absolutely does not contain phases of pure
carbon. In the proposed "REFSICOAT" material, silicon carbide, if present, plays the role of a filler which is introduced
by no means in all the cases and helps to match the thermal expansion coefficients of the materials joined by soldering
and of the solder and/or of the base material and coating material.

[0015] According to afirstaspect of the presentinvention, we provide a heat-resistant material comprising molybdenum
and tungsten silicides Me5sSiy and MeSi, and optionally silicon carbide, characterized in that it comprises silicides in the
form of solid solutions (Mo, W)5Sis, (Mo, W)5Si;C and (Mo, W)Si, with the following ratio of the components (in vol.%):

(Mo, W)5Si; and/or (Mo, W)sSisC  5-98,
(Mo, W)Si, 2-95,

the ratio of molybdenum and tungsten in the total mass of the refractory metals in the heat-resistant material ranging
within (in wt.%):

Mo  2-90,
w 10-98,

the material optionally comprising

silicon carbide  0-55 vol.%

wherein (i) MosSi; and/or W5Si; and/or MogSi;C may replace 0-90 % of the total volumetric content of phases (Mo,
W)sSi3 and/or (Mo, W)5Si;C, and/or (i) MoSi, and/or WSi, may replace 0-90 % of the volumetric content of the phase
(Mo, W)Siy;
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wherein rhenium may be comprised in an amount of 0-30 wt.% in at least one of the silicide phases MosSis, WgSis, (Mo,
W)5Sis, (Mo, W)sSisC, MogSi;C, MoSi,, WSi,, (Mo, W)Si,, as a dopant,

wherein at least one of said silicide phases may comprise one or more of tantalum, niobium, titanium, zirconium and
hafnium, in the following amounts (wt.%): Ta, 0-28; Nb, 0-18; Ti, 0-15; Zr, 0-19; Hf, 0-26, said element(s) substituting
tungsten and molybdenum,

and wherein (i) no silicon carbide grains bound at lengths of 1 mm or more are present; and (ii) phases of pure carbon
are not present.

[0016] Preferably, the heat-resistant material is characterized in that it further comprises at least one of the following
elements which actively bind oxygen: boron, aluminum, germanium, sodium, potassium, cesium, magnesium, calcium,
barium, strontium, scandium, yttrium, lanthanum, and/or lanthanoids and manganese, the total amount of these elements
being within 0-12 wt.% of the weight of the entire heat-resistant material, and being in the form of simple or complex
oxides, including silicates, in silicate system.

[0017] Preferably, the heat-resistant material is characterized in that it comprises at least one element of vanadium,
chromium, iron, nickel and cobalt in a total amount

of 0-5 % of the weight of the entire material, said elements being in the form of their simple and/or complex oxides,
including silicates, and/or in the form of alloys of these elements with silicon and/or with at least one of the following
metals: tungsten, molybdenum, rhenium, tantalum, niobium, titanium, zirconium and hafnium.

[0018] Preferably, the heat-resistant material is characterized in that it contains grains of silicides having a cross-
section smaller than 80 pm.

[0019] Preferably, the heat-resistant material is two-layered or multilayered, with layers differing in the chemical com-
position, phase composition, and structure.

[0020] Preferably, the heat-resistant material is in the form of a coating or soldered joint for components of a part from
refractory metals or alloys and/or carbon and silicon carbide materials and/or composite materials comprising silicides
of refractory metals and silicon carbide, and its total thickness is within 0.02-10.0 mm.

[0021] Preferably, the heat-resistant material is characterized in that it has an outer silicate layer containing 40-99.9
wt.% of silicon oxides, and also 0.1-60 wt.% in the sum of oxides of at least one of the following elements: boron,
germanium, aluminum, zinc, bismuth, lithium, sodium, potassium, cesium, magnesium, calcium, strontium, barium,
scandium, yttrium, lanthanum and/or lanthanoids, titanium, zirconium, hafnium, tantalum, niobium, vanadium, chromium,
manganese, iron, nickel, cobalt, molybdenum, tungsten and rhenium.

[0022] Preferably, the heat-resistant material is characterized in that it contains 0-75 vol.% of pores in the inner layers.
[0023] Preferably, the heat-resistant material is characterized in that it contains on its surface grains of tetragonal
phases (Mo, W)Si, and/or MoSi, and/or WSi,, these phases having a predominant crystallographic orientation (texture)
with crystallographic planes {001} parallel to the surface.

[0024] According to a second aspect of the presentinvention, we provide an electric heater for operation in an oxidative
medium at temperatures of up to 1600-2000 °C, consisting of a working portion and current lead-in wires manufactured
from (i) a composite material comprising silicon carbide and silicides of molybdenum or of tungsten characterized by
the presence of skeleton structures of silicon carbide and/or (ii) of graphite and/or (iii) of other dense carbon material
and/or (iv) of refractory metals or alloys thereof and/or (v) of silicon carbide, characterized in that a heat-resistant material
as defined above is applied as a protective coating to the working portion and to the current lead-in wires of the electric
heater, the current lead-in wires and the working portion being interconnected by a soldered joint of a heat-resistant
material as defined above.

[0025] Preferably, in the electric heater, the heat-resistant material is applied as a protective coating on a sublayer of
a protective coating formed from a composite material comprising silicon carbide and silicides of molybdenum and
tungsten characterized by the presence of skeleton structures of silicon carbide.

[0026] According to a third aspect of the present invention, we provide an electric heater for operation in an oxidative
atmosphere at temperatures of up to 1400-1600 °C, consisting of a working portion manufactured from silicon carbide
and current lead-in wires manufactured from (i) a material comprising silicon carbide and silicides of molybdenum or
tungsten characterized by the presence of skeleton structures of silicon carbide and/or (ii) graphite and/or (iii) other
dense carbon material, characterized in that a heat-resistant material as defined above is applied as a protective coating
to the current lead-in wires of the electric heater and in that the current lead-in wires and the working portion are
interconnected by a soldered joint of the heat-resistant material as defined above.

[0027] Preferably, the electric heater is characterized in that the current lead-in wires are made from graphite or other
dense carbon material having a contact portion free of the protective layer.

[0028] Preferably, the electric heater is characterized in that the current lead-in wires consist of an envelope made
from graphite or other dense carbon material and/or silicon carbide material and/or a composite material comprising
silicon carbide and silicides of molybdenum and tungsten characterized by the presence of skeleton structures of silicon
carbide, and a core located in the interior space of the envelope, said core being a current conductor made from a
refractory metal or alloy, soldered with the envelope of the current lead-in wire throughout the length thereof with the
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help of the heat-resistant material as defined above and having a protective coating from the heat-resistant material as
defined above on the current lead-in wire.

[0029] Preferably, the electric heater is characterized in that the current lead-in wires consist of an envelope made
from graphite or other dense carbon material and/or silicon carbide material and/or a composite material comprising
silicon carbide and silicides of molybdenum and tungsten characterized by the presence of skeleton structures of silicon
carbide, and a current-conducting core made from a refractory metal or alloy located in the interior space of the envelope,
said core being soldered with the envelope of the current lead-in wire only at a distance of up to 10 mm from the place
of soldering the current lead-in wire with the working portion, and the contact portion of the current lead-in wire being at
the end of the current conductor made from a refractory metal, opposite to the place of soldering with the working portion.
[0030] Preferably, the electric heateris characterized in thatthe working portion is made of two branches interconnected
by soldering with the heat-resistant material as defined above either directly and/or with the help of one or more connection
straps made from a material comprising silicon carbide and silicides of molybdenum or tungsten characterized by the
presence of skeleton structures of silicon carbide provided with a protective coating from the heat-resistant material as
defined above on different portions and soldered to the working portions with the help of the heat-resistant material as
defined above on different portions, the resistivity of the straps being less than or equal to the resistivity of the branches
of the working portion of the heater, and the cross-section of the straps being greater than or equal to the cross-section
of the branches of the working portion.

[0031] Preferably, the electric heater is characterized in that the working portion contains inserts made from a material
comprising silicon carbide and silicides of molybdenum or tungsten characterized by the presence of skeleton structures
of silicon carbide which connect the current lead-in wire with the insert and the insert with the working portions by
soldering with the help of the heat-resistant material as defined above on different portions, the insert having a protective
coating made from the heat-resistant material as defined above on different portions and the resistivity of the insert being
smaller than or equal to the resistivity of the working portion of the heater, and the cross-section of the insert being
greater than or equal to the cross-section of the branches of the working portion.

[0032] Itis established experimentally that melts of molybdenum and tungsten silicides, based on eutectic compositions
Me5Si;-MeSi, and MesSi;-MeSi,-MegSisC are suitable for creating protective coatings on carbon, silicon carbide ma-
terials, refractory metals and their alloys, and on composite materials based on silicides of refractory metals and silicon
carbide, and also for joining separate parts from these materials by soldering them into one part. Here the symbol Me
is used to denote the solid solution of silicides of molybdenum and tungsten, which is formed, as we have established
experimentally, after crystallization, in which as the elements substituting tungsten and molybdenum, other refractory
metals (tantalum, niobium, titanium, zirconium, hafnium) may be present in amounts indicated in the patent claims.

[0033] The Novotn¥ phase Me;Si;C=(Mo, W)5Si;C is formed in the system Mo-W-Si-C and is characterized by a
broader range of concentrations than the silicides MosSis, W5Sis, and MoSi,, WSi,. Maximum deviations in the compo-

sition are observed for carbon. According to our estimates, relative changes in its concentration may occur in the region
of -65 to +20% with regard to the traditional formulation MesSi;C. For refractory metals and silicon these deviations do

not exceed +8%. The concentration boundaries for the existence of the Novotn‘}\’ phase in terms of carbon, silicon, and
refractory metals in the heat-resistant material depend to the greatest extent on the combination of concentrations of its

dopants. The Novotn ¥ phase is reliably identifiable with the help of x-ray powder analysis against the background of
silicide phases (Mo, W)5Si3, MosSi; and (Mo, W)Si,, MoSi,, WSi,, differing from them by their atomic-crystalline structure.
It is determined by the metallographic method (scanning electron or optical microscopy) together with the silicides (Mo,
W)Si3, Mo5Si3 and W5Sis. The phase has a higher strength than other refractory metal silicides entering into the com-

position of the heat-resistant material, this being especially noticeable at temperatures above 1000°C. Experimental

results and testing of articles have shown that heat-resistant materials containing the Novotn ¥ phase withstand working
temperatures of up to 1700-1900°C.

[0034] Novotn¥Y phases Mo5Si;C and/or (Mo, W);sSi;C are formed easily in displacement reactions (here Me = mo-
lybdenum or solid solution Mo - W):

5MeSi, + 8C = MegSizC+ 7SiC (W)
[0035] In this reaction the formation of the Novotn ¥ phase is accompanied by the formation of silicon carbide which

also enters in this case into the composition of the protective coating and/or soldered joint. Carbon which is necessary
for reaction (1) to proceed may be introduced preliminarily into the composition of materials to be melted, into the blank
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from which a part will be produced.
[0036] When the concentrations of carbon interacting with the eutectic silicide melt are small and it is in dispersed

form, the NovotnS’ phase may be formed in accordance with the resultant reaction
C + MeSi; = MegSi;C (2)

(here Me = molybdenum or solid solution Mo - W) without formation of silicon carbide. Carbon may be introduced into
the melt zone as a product of thermal decomposition of hydrocarbons or carbon oxide from the furnace atmosphere
directly in the process of preparing the proposed material or from carbon materials to which a coating is to be applied,
from the composition of the binder of the slurry mixture, if the latter contains organic compounds.

[0037] Due to the fact that the thermal expansion coefficients of the phases entering into the heat-resistant material
are relatively close, (3-10)x10-6 1/deg, throughout the temperature interval of their existence in solid state, and that
silicide phases manifest noticeable plasticity at temperatures above 1100°C, itis possible to select heat-resistant material
compositions for making coatings and for soldering, which do not lead to the formation of cracks upon cooling the
produced part and temperature cyclization thereof. The soldering and coating operations may be carried out either
simultaneously or in any sequence. In this case it is possible to use the experimentally revealed melting point vs.
composition dependences of the heat-resistant material. Thus, for melts close to the eutectic phase composition in the
quasi-binary system (Mo, W)5Si3 + (Mo, W)Si,, an increase in the amount of tungsten at the expense of molybdenum
from 10 to 98 wt.% continuously rises the melting point of the material from approximately 1905 to 2020°C. Doping with
rhenium, as a rule, makes it possible to lower to some extent the melting point of the heat-resistant material. Passing
from more heat-resistant materials to less heat-resistant materials, it is possible to increase gradually the thickness of
the coating, to make it multilayered. Soldering may be carried out at different stages of applying a two- or multilayered
coating or simultaneously with applying some layer of the coating. All the phases cited in claim 1 are chemically compatible
at temperatures lower than 1850°C, mutual solubility variations with temperature for the main components are insignif-
icant, and this also contributes to the heat resistance of the heat-resistant material and to its stability in temperature cycling.
[0038] The use of complete or partial melting in soldering or in applying a protective coating from the proposed material
leads to the formation of phases in subsequent crystallization: of solid solutions (Mo, W)sSi; and (Mo, W)Si,. Special
techniques are required for preserving the phases MogSi;, W;Si3, MoSi,, MosSi;C in the composition of soldered joints,
always in a smaller amount (to 90% of the volume fraction of the phases - solid solutions), than of the corresponding
phases (Mo, W)5Si; and (Mo, W)Si, and (Mo, W)sSi3C. In those cases when the phases MogSi; and/or WsSi; and/or
MosSi, and/or WSi, and /or Mo5Si;C are useful from the standpoint of matching the thermal expansion coefficients of
the parts to be connected with the material of the soldered joint or the base material and the protective coating material,
or, if they are useful for obtaining the required chemical properties of the coating, special measures should be taken for
these phases not to become fully converted into solid solutions. Liquid-phase sintering or incomplete melting may be
used for this purpose

[0039] Cohesion of silicon carbide in "REFSICOAT" materials is undesirable, and cohesion at lengths of 500 pum and
greater it is inadmissible: at temperatures above 1600-1700°C silicon carbide, in the case of its appearance on the
surface of a coating or soldered joint, will be subjected to accelerated gas corrosion. In material with coherent structure
of silicon carbide will be able to propagate further from one grain of silicon carbide to another, wrecking first the soldered
joint or protective coating and then the protected or solder-jointed materials. For "REFSIC" materials the cohesion of
the silicon carbide or carbon constituent is absolutely necessary: it is just owing to it that "REFSIC" materials develop a
skeleton which is able at temperatures of up to 2000°C and higher to receive and resist external mechanical loads. As
a result, "REFSIC" materials display high-temperature strength essentially higher than in "REFSICOAT" materials.
[0040] There is no sharp boundary between the proposed heat-resistant materials and "REFSIC" materials, though
they differ in their purpose, properties, composition and structure. In some cases the material can be assigned to the
type "REFSIC" or "REFSICOAT" only after the cohesion of the silicon carbide component has been analyzed. Besides,
in some cases after heat treatments above 2000°C the silicon carbide component of "REFSICOAT" materials may
acquire cohesion sufficient for the formation of a three-dimensional skeleton; the resulting material should be assigned
already to the "REFSIC" family.

[0041] The choice for a particular practical problem of an optimal proportion between the main refractory metals
entering into the composition of the material (molybdenum and tungsten) which are isomorphically interchangeable in
the silicide phases - solid solutions MeSi, and Me,Sis, is connected with their different effect on the final properties of
the obtained material. An increase in the concentration of molybdenum at the expense of tungsten makes it possible to
obtain a more light-weight material with a higher heat resistance in air at a temperature of up to 1500°C. At temperatures
below 1600°C disilicides - solid solutions provide higher heat resistance than phases Me;Si;. At higher temperatures
the heat resistance of phases Me5Si; proves to be higher. An optimal proportion of the phases constituting the material
depends on the temperature conditions of using thereof.
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[0042] An increase in the relative proportion of tungsten at the expense of molybdenum increases the resistance to
thermal shocks and improves the compatibility of the silicide component with the portions of the part made from carbon
and silicon carbide materials in temperature cycling. An increase in the concentration of the silicide-doping elements
indicated in the claims also increases the strength of the coating and soldered joint in different media for different
temperature intervals. Doping also makes it possible to modify the microstructure of the heat-resistant material of the
coating and soldered joint, to increase their mechanical properties at relatively low temperatures.

[0043] The use of tungsten and/or rhenium within the ranges indicated in the claims for substituting molybdenum in
silicides Me5Sis and MeSi, makes it possible to increase the heat resistance of the material. Molybdenum and/or rhenium
in silicides make it possible to obtain heat resistance of the material within a broad range of temperatures. Tungsten
and/or rhenium upon an increase of their amount in silicides with respect to molybdenum make it possible to raise
resistance to thermal shocks. Besides, substituting molybdenum by tungsten and/or rhenium makes it possible to lower
the thermal expansion coefficient of the material. The same effect may be obtained by an increase in the volume fraction
of silicides (Mo, W);5Si; and (Mo, W)5Si5C at the expense of phases (Mo, W)Si,. On doping with rhenium in amounts
close to the upper limit indicated in the claims, rhenium silicides may be formed.

[0044] Including elements which actively bind oxygen: boron, aluminum, germanium, sodium, potassium, cesium,
magnesium, calcium, barium, strontium, scandium, yttrium, lanthanum, and/or lanthanoids, manganese into the com-
position of the material in the indicated amounts makes it possible to vary such chemical and physical properties of the
coating as its catalytic activity on oxidation in vacuum of 1-10 Pa liability to "pest" (i.e., to degradation under gas corrosion
conditions in the presence of oxygen and water vapors, usually during 1-100 hours, in the temperature range of
150-1200°C), density, compatibility with the support in terms of the thermal expansion coefficient. The elements indicated
here are predominantly in the form of their simple or complex oxides, including silicates. They may form combined oxides
and silicates with molybdenum and tungsten, rhenium, other refractory metals entering into the composition of the
material, and with each other. The formation of particular compounds occurs both during the preparation of the compo-
sition for applying the coating or for soldering and during its melting or during special oxidation firing or in the course of
service of finished coating in an oxidation medium. In such cases changes may take place in the chemical composition
of compounds with the participation of the elements cited here, and their concentrations may vary within the limits
indicated in the set of claims.

[0045] Oxides may be found both at the grain boundaries and within the pores in the inner layers and on the surface
of the heat-resistant material. Oxides in the inner layers may be formed both in the process of deoxidation, in the reaction
of introduced additives with oxygen contained either in the starting materials or in the furnace atmosphere. Additions
may be introduced by using alloys prepared preliminarily by powder metallurgy techniques or with the help of preliminary
smelting. It is also possible to introduce an oxide or silicate filler into the inner layers of the material, e.g., by powder
metallurgy techniques. In the latter case a relatively large volume fraction of oxides, up to 25 vol.%, may be achieved
in the material. As aresult, such properties as the heat conductivity and electrical conductivity of the material, its corrosion
resistance change markedly. This is particularly noticeable when materials have internal pores whose surface is covered
with an oxide film.

[0046] Introducing vanadium chromium, iron, nickel and cobalt in the indicated amounts into the composition of the
heat-resistant material makes it possible to decrease the liability to "pest" of the silicides and to increase the low-
temperature strength of the heat-resistant material. Oxides of these metals may enter into the composition of the inner
and outer silicate layer of the coating, imparting an increased resistance to it.

[0047] The use of fine-grained slurry mass or high crystallization rates in combination with doping makes it possible
to obtain fine-grained structure of the silicide phases of the coating (smaller than 80 wm in cross-section) and of the
soldered joint, and thereby to enhance the mechanical properties of the obtained heat-resistant material.

[0048] Introducing silicon carbide into the composition of the heat-resistant material, which for the most part forms
non-connected or only relatively short connected regions, usually shorter than 500 wm, with grain size preferably smaller
than 50 pm, makes it possible to increase the allowable thickness of the coating and of the soldered joint owing to better
matching of the thermal expansion coefficients of the materials of the support and coating, of the solder and portions of
the part to be jointed for the range of values of the thermal expansion coefficients of (4-7)x10¢ 1/deg. With the silicon
carbide content of 0-55 vol.%, it is possible to preserve sufficient fluidity of the melt of the heat-resistant material and
thus to provide adhesion of a sufficiently thick coating and soldering of the parts to be jointed without formation of cracks.
Maximum fluidity is displayed in compositions close to eutectics (Mo, W)5Si; + (Mo, W)Si,.

[0049] Using two-layered or multilayered protective coatings and soldered joints, it is possible to select "stepwise" the
contrast in the thermal expansion coefficients between the base material and the heat-resistant material of the coating.
Layers of the heat-resistant material may be applied sequentially, using oriented crystallization of sequentially applied
coatings in accordance with slurry technology or sintering of layers during high-temperature treatments in vacuum, in a
protective medium or in air. The layered structure of the heat-resistant material helps to improve its properties, using
the advantages in the properties of each of the layers. For instance, the heat-resistant material constituting a protective
coating on an electric heater in which a thicker electroconductive inner layer is coated with a layer which is less elec-
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troconductive but more stable to the effect of electric shocks, will ultimately combine the advantages of both layers.
[0050] Firing in air or in other oxidizing medium promotes formation of the course of firing of an outer silicate coating
layer constituted, in amounts indicated in the set of claims, by silicon oxides and oxides of at least one from the group
of elements: boron, germanium, aluminum, zinc, bismuth, lithium, sodium, potassium, cesium, magnesium, calcium,
strontium, barium, scandium, yttrium, lanthanum and/or lanthanoids, titanium, zirconium, hafnium, tantalum, niobium,
manganese, iron, vanadium, chromium, nickel, cobalt, molybdenum, tungsten and rhenium.

[0051] The composition of the surface oxide film and of the inner oxide phases may be formed both in the course of
firing the heat-resistant material in air or in other oxidizing medium ("natural" oxide coating and oxide phases) or may
be regulated substantially wider owing to the provision of special "synthetic" oxide coatings and fillers. After the formation
of inner layers of the material, in the final steps of preparing products for use, their surface is covered, by using slurry
or spray deposition technology, either with a frit powder having a required composition, prepared beforehand, or a mixture
of oxides and/or carbonates (or other compounds easily decomposable under heating, preferably giving an oxide residue
under technological conditions). For producing a "synthetic" coating, it is possible to use a slurry containing, along with
oxides, silicides of molybdenum and tungsten. The layer obtained after the firing forms on the surface a silicate coating
with a glass-like or partially crystalline structure.

[0052] When the proposed heat-resistant material is applied to refractory metals or their alloys for creating a protective
coating thereon or soldering thereof, diffusion processes occur in the adjacent layers. A composition of sublayers is
formed, more rich in the base metal, according to the state diagrams, than the layer of the main protective coating or of
the soldered joint. For applying protective coatings to refractory metals or for soldering refractory metals having relatively
low melting points (e.g., niobium, molybdenum and their alloys) with the help of the "REFSICOAT" material, it may be
expedient preliminarily, before applying the basic coating, to apply a sublayer enriched with silicides of a more refractory
metal (for instance, tungsten and tantalum or alloys thereof).

[0053] Low-temperature portions of electric heaters (lead-in wires, contact units, measuring electrodes) and parts may
be soldered to high-temperature portions with the help of a melt of temperature-resistant material, having a protective
coating from the proposed heat-resistant material only on a portion of their surface and having on the remaining portion
thereof a different protective coating, e.g., based on silicon carbide and silicate systems. No protective coating is applied
to the contact portions of the lead-in wires of electric heaters made from graphite (or other carbon materials) or of the
lead-in wires from temperature-resistant metals and their alloys in that portion thereof where their service temperature
does not exceed 100-200°C. As a result, the contact portions have a low contact resistance stable during service.
[0054] It should be noted that different terms may be used in the literature for denoting the same portions and parts
of the electric heaters: working or active part; current lead-in wires, lead-out wires or lead-out parts.

[0055] The inner layers of the coating, containing pores, make it possible to increase the heat resistance of the coating
and the temperature difference within the coating both under the heating-cooling conditions and under the steady-state
operation conditions of the part cooled from the inside.

[0056] We have established experimentally that the rate of gas corrosion for coatings containing grains of tetragonal
phases (Mo, W)Si, and/or MoSi, and/or WSi, on the surface (in a layer having a thickness of from one to several
characteristic cross-sectional sizes of silicide grains) in the case when these phases have a predominant orientation
(texture) with crystallographic planes {001} parallel to the surface may be reduced several-fold. The texture was studied
experimentally with the help of pole figures {002} in the characteristic monochromatized radiation of molybdenum. A
counter with the slit width of 4 mm was set for Wulff-Bragg double angles in the range of 10.2-10.4°, which made it
possible to record the diffraction simultaneously of all the phases cited here with the structure of tetragonal molybdenum
disilicide. With the help of oriented crystallization of the protective coating from the heat-resistant material, it was possible
to obtain therein the indicated structure of disilicide phases. The predominant crystallographic orientation in this case
can be characterized by that crystallographic planes {001} of disilicides proved to be parallel to the surface of the coating.
With the angular deflection through 15° the diffraction intensity lowered more than ten-fold, and with deflection angles
greater than 25° at least than twenty-fold, compared with the maximum corresponding to the angle of deflection from
the surface of the coating equal to 0°.

[0057] The phase and chemical composition of the layers is chosen proceeding from the requirement of maximum
closeness of deformations [A.G. Pomashin, V.V. Vikulin, Scientific Principles of Designing and Creating Ceramic Parts
for Engines, in: "Nauka Proizvodstvu" No. 9, 1999, pp. 8-13] in simultaneous thermal expansion of the materials of the
bases and coatings of parts to be jointed by soldering. In the case of nonuniform heating or under steady-state conditions
of the article operation in a nonuniform temperature field, temperature maximum is reached in the outer layers of the
coating on one of the part portions. Temperature difference may reach, depending on the operating conditions of the
part, several thousands of degrees. In that case the deformation values caused by nonuniform heating should be matched
at the expense of thermal expansion of the layers of the heat-resistant material in the form of a coating or soldered joint
and other portions of the part involved.

[0058] Itis expedient to manufacture current lead-in wires for electric heaters from materials having high electrocon-
ductivity. This decreases power losses for heating current lead-in wires as such, makes it possible to use current lead-
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in wires of smaller cross-section, reducing heat losses from the operating furnace at the expense of the heat conductivity
along the lead-in wires. In our case, the best materials for lead-in wires are graphite (or other dense carbon material)
or refractory metals and their alloys. Significant advantages of graphite as such material are its low contact resistance
and high stability of contacts under heavy current loads. By manufacturing current lead-in wires consisting of envelopes
made from graphite or other dense carbon materials possibly containing silicone carbide materials impregnated with
silicides) protected by the proposed material against oxidation at high temperatures and cores consisting of refractory
metals and their alloys, itis possible to obtain a combination of a high current transmission capacity, low contact resistance,
and low heat conductivity of the lead-in wire. The core should be soldered to the envelope either all over the length
thereof or only within separate portions, but the envelope is tightly sealed against the penetration of hot gases. In the
relatively cold portion of current lead-in wires hermetic sealing of the core is not obligatory. If necessary, the contact end
of the core located in the cold zone of the lead-in wire may be coupled directly to input leads either with the help of
adapters with clamps or by welding. If soldering of the lead-in wire to the working portion or insert is performed simul-
taneously, the place of soldering is spaced to 10 mm apart from the place of soldering the lead-in wire to the connection
strap or working portion, and the metallic core extends almost all over the length of the lead-in wire. But often it proves
quite sufficient to diminish sharply the electric resistance of the lead-in wire and, consequently, electric losses therein,
only within a portion of the lead-in wire, adjacent to the contact portion. In that case the metallic conductor should be
soldered to the envelope at a distance of 10 mm and more from the place of soldering the lead-in wire to the working
portion or insert.

[0059] Lead-in wires may be arranged parallel, opposite, at angle to each other, or coaxially. With the help of the
"REFSICOAT" and "REFSIC" materials it is possible to embody most diverse structures of heaters operating with the
working portions arranged not only vertically, but also horizontally or in any other manner.

[0060] Using inserts from the "REFSIC" material as junctions from the working portions to the lead-in wires makes it
possible to increase the service life of the heater. As a rule, the length of inserts corresponds to the span of the junction
on the furnace heat insulation from the temperature inside the furnace to 1200-1300°C on its heat insulation. Such inserts
are provided with a protective coating and soldered joints from the proposed "REFSICOAT" material.

[0061] Straps made from the "REFSIC" material, which connect separate branches of the working portion make it
possible to obtain complicated configurations of the working portions of heaters, to augment the length of the working
portion. Such straps are provided with a protective coating and soldered joints from the proposed "REFSICOAT" material.
[0062] With the help of the proposed material and by using connection straps from the "REFSIC" material potential
uses of heaters from manufactured from silicon carbide can be substantially broadened. In addition to advantages
connected with the provision of relatively small-sized lead-in wires, the use of connection straps and soldering makes
it possible to broaden drastically the range of forms and sizes of silicon carbide electric heaters.

[0063] In most cases the proposed heat-resistant material, coatings made therefrom or soldered joints in which it is
a constituent are prepared by the oriented crystallization process. In some cases itis expedient to use foundry technology,
usually if the melt in its composition is close to eutectic and contains less than 25 vol.% of excess phase. The process
of liquid-phase sintering of the blank produced in accordance with the powder technology is expedient, if the composition
corresponds to 3-15 vol.% of molten eutectic of silicide phases at the sintering temperature. Working temperatures of
the carried out processes are within the range of 1850-2200°C.

EXAMPLE 1. A part fully made from heat-resistant material. A feed charge was prepared by powder metallurgy
techniques from powdered tungsten with additions of potassium and aluminum (in the total amount of 0.03 wt.%),
powders of molybdenum, silicon, rhenium and ferromanganese. After melting the charge at 2040°C it was cast into
a one-time presintered thin-walled mold made from ceramic based on aluminum oxide (with addition of titanium and
zirconium oxides). The blank in the form of a 30x8x80 mm plate obtained after crystallization and cooling to room
temperature had the following phase composition: phases - solid solutions (Mo, W)sSi;, 43 vol.%; phases - solid
solutions (Mo, W)Siy, 47 vol.%. Mean porosity, 10%. The content (in wt.%): molybdenum, 86; tungsten, 10; rhenium,
1.5; iron, 0.6; manganese, 0.18; potassium + aluminum, 0.012; the balance being uncontrollable admixtures. After
polishing the blank to final dimensions of 28x5x77 mm a shutter for interrupting a plasma beam in a test plant was
obtained. At a distance of 80 mm from the plasma source with the energy flux density to 5000 kW/m2 the shutter
withstood up to 80 beam interruptions at a maximum temperature on the surface of up to 1850°C.

Example 2. A part fully made from heat-resistant material. A part in the form of a 7x7x80 mm bar was obtained
by sintering at 1700-2080°C in vacuum for 1 hour of a compacted powder blank having the composition: 97 vol.%
(Mo, W)sSis + 3 vol.% (Mo, W)Si,. The process of preparing the starting powder comprised the step of combined
reduction of tungsten and molybdenum from oxides with subsequent synthesis of silicides in the atmosphere of
hydrogen at temperatures of up to 1600°C. Silicides - solid solutions contained 98 wt.% tungsten and 2 wt.%
molybdenum. The obtained part had the mean porosity of about 17%, the grain size was smaller than 80 um. The
sample withstood 2-minute firing in the atmosphere of air on a plasmatron at 2050°C with a mean heating rate of
70°C/sec without destruction with a weight loss less than 2 mg/cm?2. As a result, a coating was formed on the surface,
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containing on an average 99.4 wt. Of silicon dioxide and 0.6 wt.% of molybdenum and tungsten oxides. The obtained
part had a high heat-resistance and withstood without destruction 15 temperature-cycle tests with said heating rate
and a cooling rate close thereto.

EXAMPLE 3. A part made from refractory metal, fully coated with heat-resistant material. A blank in the form
of a cylinder 10 mm in diameter and 18 mm in height was made from a sintered powder tungsten-20% molybdenum
alloy. Owing to wetting with a supplied melt containing molybdenum, tungsten, tantalum and silicon, under oriented
crystallization conditions, a protective coating was formed all over the blank surface, 0.6-1.2 mm thick, containing
58% tungsten, 25% molybdenum and 17% tantalum in phases (Mo, W)sSis (69 vol.%) + (Mo, W)Si, (31 vol.%). The
obtained part after polishing its end faces with diamond dust having grain size of 40/28 pm to the height of 19.0 mm
was used as a support for firing ceramics based on aluminum, titanium and zirconium oxides at s temperature of
1650-1750°C in an induction furnace. The characteristic loss in weight rate under steady-state conditions is 0.2
mg/cm?2 per hour.

EXAMPLE 4. A part made from carbon material, not fully coated with heat-resistant material and containing
no soldered joints. A support from a carbon-carbon composite material was coated by using slurry technology on
one of the surfaces with a preliminarily prepared mixture of a silicon carbide powder (32 wt.%) having a mean grain
size of 120 wm and silicide powders (68 wt.%) having a grain size of 20-75 pm, containing molybdenum, tungsten
and silicon. Molybdenum and tungsten were in the ratio of 12 and 88 wt.%. In the total mass of the silicide mixture
19% of silicon accounted for 81% of refractory metals. The obtained mixture was applied with the help of a binder
based on an aqueous solution of polyvinyl alcohol to an initial thickness of about 2.5 mm. After heat treatment in
vacuum at a temperature of 2000-2150°C a porous dense silicon carbide coating containing silicides of refractory

metals, including Novotn ¥ phases, was formed on the surface of the support. Slurry was applied for a second time
with the help of a powder mixture of silicides, similar to that described above, but with a different content of the
components: molybdenum and tungsten were in the ratio of 61 and 39 wt.%, silicon carbide was absent. In the
silicide mixture 23 wt.% of silicon accounted for 77 wt.% of refractory metals. At 1930°C under the oriented crystal-
lization conditions there was formed an outer dense layer of silicides - solid solutions (Mo, W)5Si3 + (Mo, W)5Si;C
and (Mo, W)Si,, 56 and 44 vol.%, respectively, having a thickness of about 1100 wm. On the outer layer in tetragonal
silicides (Mo, W)Si, a sharp crystallographic texture with crystallographic planes {001} parallel to the coating surface
was formed. Porosity of the inner layer, having a thickness of about 1 mm, containing silicon carbide, (Mo, W)5Sis

and Novotn¥ phase (Mo, W);5SisC, (Mo, W)Si,, respectively, in the ratio of 43, 38 and 19 vol.% (with 30% (Mo,

W)sSis and 8% Novotn¥Y phase), the porosity was about 30%. The oxide outer layer of the coating was prepared
with firing the applied frit in air and contained (in wt.%): SiO,, 63; K50, 12; Y503, 14; Al,O4, 6; SrO, 5. The obtained
one-side coating having a total thickness of 2.2-2.5 mm displayed a high heat resistance in the temperature range
of 300-1800°C under oxidation conditions. Other portions of the part were not under oxidation conditions or were
not subjected to heating above 300°C or were coated with a borosilicate coating containing silicon carbide.

EXAMPLE 5. An electric heater with a working part from "REFSIC" composite material, made with the use
of the proposed heat-resistant material (soldering and a protective coating). A graphite lead-in wire of an
electric heater was coupled to its working (active) member based on the "REFSIC" composite material "refractory
metal silicides - silicon carbide" with the help of a solder having the composition (in wt.%): molybdenum, 47; tungsten,
30; silicon, 23 (the weight ratio of molybdenum and tungsten was 61 and 39%). In the soldered joint having a
thickness of 0.2-1.4 mm (Mo, W);5Si; and (Mo, W)Si, phases were present in the ratio of 53 and 47 vol.%. The

protective coating having a thickness of 1.5-3 mm on the graphite lead-in wire had the same tungsten/molybdenum

ratio and the phase composition (in vol.%): silicon carbide, 8; (Mo, W)sSi; phase, 19%; and Novotn Y phase (Mo,
W)sSisC, 49, in total 68%; (Mo, W)Si,, 24. The cross-section of silicon carbide particles was 5-10 pm. The silicide
part of the protective layer was additionally coated with an external oxide layer containing (in wt.%): SiO,, 60.3;
K,0, 17.3; Zn0O, 17.9; Al,04, 4.5. The contact portion of the graphite lead-in wire, 25 mm long, was left free of any
coating.

EXAMPLE 6. An electric heater with a working part from "REFSIC" composite material, made with the use
of the proposed heat-resistant material (soldering and a protective coating). Same as in Example 5, but a
slurry coating having a thickness of 600-1200 um, containing phases (Mo, W)5Sis, (Mo, W)Si, (the molybdenum/
tungsten weight ratio being 85 and 15%) and MoSi, in the vol.% ratio of 5, 74 and 21, was applied to the surface
of the working portion. The cross-section of the silicide phase grains did not exceed 80 um. The silicide part of the
protective layer was additionally coated with an external oxide layer, containing (in wt.%): SiO,, 46; K50, 27; CaO,
13; Al,O3, 14. The active portion withstands rapid heating and long-time operation in air at a temperature of up to
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1780°C.

EXAMPLE 7. A part containing a soldered joint made with the use of heat-resistant material and not fully
coated with a protective coating therefrom. 0.5 mm-diameter wires made from a tungsten-20% rhenium alloy
were soldered to a sample of "REFSIC" composite material containing refractory metal silicides and silicon carbide
for carrying out electric measurements with the help of a solder containing phases (Mo, W)sSis, (Mo, W)Si, (the
molybdenum/tungsten wt.% ratio being 92 and 8) in the 62 and 38 vol.% ratio. The thickness of the soldered joint
was 0.03-0.4 mm, the thickness of the protective coating was 0.02-0.9 mm. At a distance greater than 6 mm from
the place of soldering the wire had no protective coating. The thus made potential contacts for studying the temper-
ature dependence of the electric resistance of the sample of the composite material tolerated plastic bending at a
distance greater than 15 mm from the place of soldering and made it possible to carry out short-time measurements
on the sample heated to 1100-1800°C. The molybdenum/tungsten ratio in the soldered joint was 37 and 63 wt.%,
respectively.

Example 8. Manufacturing an electric heater with a working portion from silicon carbide material with a
lead-in wire soldered with the help of a heat-resistant material, having protective coating from heat-resistant
material on the lead-in wire only. A graphite lead-in wire of an electric heater of 7 mm in diameter was soldered
to the working element of the electric heater made from silicon carbide on an alumina binder in the form of a tube
with external and internal diameter of 14 and 6 mm, respectively, by using a solder of the following composition (in
wt.%): molybdenum, 69; tungsten, 13; silicon, 18. In the soldered joint phases (Mo, W)sSi; + (Mo, W);5Si;C and
(Mo, W)Si, were present in the ratio of 56, 6 and 38 vol. %, respectively. The protective coating on the graphite lead-
in wire having a thickness of 0.7-1.3 mm had the tungsten/molybdenum weight ratio of 27 and 73% with the phase
composition (vol.%): silicon carbide, 19; phases (Mo, W);5Si5 (37%) + (Mo, W)5SisC (11%) in total 48%; (Mo, W)Sis,
33. The cross-section of silicon carbide particles in the coating of the lead-in wire was 5-10 pum. The silicide part of
the protective layer on the lead-in wire was additionally coated with an external oxide layer containing (in wt.%):
Si0,, 57; K50, 19; Na,0, 4; Y,03, 6; Al,O3, 5; CaO, 6; BaO, 3. The contact portion of the graphite lead-in and the
working part from silicon carbide were left free of any coating. The produced electric heater with a relatively high
resistance to working temperatures of 1000-1400°C with small-size lead-in wires featured a reliable contact with
input leads.

Example 9. Manufacturing an electric heater with a working portion from silicon carbide material with a
soldered lead in wire having a protective coating from heat-resistant material. Same as in Example 8, but to
the surface of the silicon carbide working portion there was additionally applied a slurry protective coating (a first
layer) of a heat-resistant material, having a thickness of 0.7 mm, containing, in the total mass of heat-resistant metals
(in wt.%): tungsten, 72; titanium, 5; tantalum, 3; and molybdenum, 20. The coating contained silicide phases in the
following ratio (in vol.%): (Mo, W)5Sis, 48; (Mo, W)Si,, 25. The remaining part of the volume was occupied by pores
(19%) and complex oxides containing silicon, yttrium, titanium, potassium, aluminum in the total amount of 3% of
the weight of the coating. To the sintered surface of this layer of the coating a second layer was applied, consisting
of a mixture of powders of silicides (Mo, W)sSi (75 wt.% molybdenum and 25 wt.% tungsten) and MoSi, with silicon
and aluminum oxides. After passing through the hot zone of an oriented crystallization plant, an external layer of
the coating was formed on the working portion of the heater, which contained phases (Mo, W)zSi3, (Mo, W)Si, and
MoSi, in the ratio of 53, 35 and 12 vol.%. The total content of yttrium, titanium, potassium and aluminum was about
4% of the weight of the coating. The total thickness of the coating was 1.1-2.5 mm. The heater tolerates long-term
operation at 1600°C.

EXAMPLE 10. Manufacturing a part fully consisting of a heat-resistant material containing disilicides and

Novotn ¥ phase. With the help of conventional powder metallurgy techniques a tube was produced &20/J8 (in-

ternal)x600 mm, containing 14 vol.% of Novotn ¥ phase (Mo, W);5Si;C and 86 vol.% of disilicides (Mo, W)Si,. The
tungsten/molybdenum ratiowas 90 and 10%, respectively. Silicon carbide and silicides (Mo, W)5Si; were not detected
by x-ray techniques. After applying to the cylindrical surfaces and end faces of the tube, with the help of slurry
technology, a coating having a thickness of 600-1200 wm, consisting of a mixture of powders (Mo, W)Si, (75 vol.
%) + (Mo, W);Sis (25 vol.%) with the main fraction of 60/40 um, with the same tungsten/molybdenum ratio as in the
inner layers, the tube was used for supplying glass mass agitating air through the bottom opening in a glass-melting
furnace.

EXAMPLE 11. An electric heater with a working portion from "REFSIC" composite material, produced with
the use of heat-resistant material (soldering and a protective coating) and with a lead-in wire having a
graphite envelope and a tungsten core. Same as in Example 6, the lead-in wire being provided with a graphite
envelope having an external diameter of 9 mm and an internal diameter of 3 mm, with a total length of 125 mm,
produced by soldering with a composition (Mo, W)Sij, (55 vol.%) + (Mo, W)5Si; (45 vol.%) (25 wt.% of tungsten and
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75 wt.% of molybdenum) two semicylinders made of graphite, symmetrical with respect to the longer axis of the
lead-in wire. A tungsten rod of 2.2 mm in diameter was tightly sealed into the envelope throughout the length thereof
(up to the place of soldering with the working portion). The contact portion of the lead-in wire was made on the
graphite envelope and had a boss 20 mm long and 15 mm in diameter.

EXAMPLE 12. An electric heater with a working portion from "REFSIC" composite material, produced with
the use of a heat-resistant material (soldering and a protective coating) and with a lead-in wire having a
graphite envelope and a tungsten core. Same as in Example 11, but the tungsten core was soldered from the contact
portion to the place on the lead-in wire, spaced 50 mm from the place of soldering with the working portion, and the
cut in the graphite envelope is closed with a strip of a composite material containing silicon carbide and molybdenum
and tungsten silicides. The length of the strip coincided with the length of the lead-in wire from the working portion
to the contact portion thereof. The thickness and width of the strip enabled the cut to be sealed after soldering.
EXAMPLE 13. An electric heater with a working portion from "REPSIC" composite material, produced with
the use of heat-resistant material (soldering and a protective coating), provided with an insert between the
working portion and lead-in wire. Same as in Example 12, but between the working portion of 3x4.5 mm in cross-
section and the lead-in wire an insert is provided, which is soldered to said working portion and said lead-in wire
has a cross-section of 6x6 mm and is made from the same material as the working portion.

EXAMPLE 14. An electric heater with a working portion from "REPSIC" composite material, produced with
the use of heat-resistant material (soldering and a protective coating). Same as in Example 13, but between
two branches of the working portion having a length of 170 mm a connecting strap is provided, which is soldered
to said branches, has a cross-section of 3.5x4.5 mm, a length of 20 mm, and makes it possible to increase the
overall length of the working portion to 360 mm. The heater is shown diagrammatically in Fig. 1, wherein 1 is a
contact portion of a lead-in wire, 2 is a lead-in wire, 3 is a core, 4 is an insert, 5 is a branch of the working portion,
6 is a connection strap.

EXAMPLE 15. An electric heater for an electric soldering iron with a working portion from "REFSIC" com-
posite material, produced with the use of heat-resistant material (soldering and a protective coating),
provided with graphite lead-in wires. An electric heater comprises two parallel branches of a working portion
from the "REFSIC" composite material. A 0.8 mm gap is provided between the branches, the front end of the
branches is common and the rear end is split by cutting. Both branches are produced by incomplete cutting with a
diamond cutting wheel having a thickness of 0.5 mm along the axis of symmetry of a blank which has the form of
a cylinder having an external diameter of 6 mm and a length of 60 mm. On the front end of this cylinder, not subjected
to cutting, a soldering bit is provided by polishing. The length of the uncut soldering pencil is 10 mm. The composition
of the composite material "refractory metal silicides-silicon carbide" used for producing branches of the working
portion is as follows: (Mo, W)sSi; + (Mo, W)5Si;C, 18 vol.%; (Mo, W)Si,, 14 vol.%; predominantly bound silicon
carbide, 61 vol.%; pores occupy 7% of the volume. The molybdenum/tungsten weight ratio is 29 and 71%. To the
external surface a protective coating from the proposed heat-resistant material is applied, having the composition:
(Mo, W)5Sis, 31 vol.%; (No, W)Si,, 69 vol.%; molybdenum, 42 wt.%; and tungsten, 58 wt.%. The silicide part of the
protective coating was additionally coated with an external oxide layer containing (in wt.%): SiO,, 75; K,0, 18;Ca0,
5; Al,O3, 2. To the ends of the branches of the working portion, opposite to the soldering bit, two graphite lead-in
wires were soldered. These lead-in wires did not contact each other, had the form of segments of a cylinder with
an outer diameter of 18 mm and an inner diameter of 6 mm, were pulled over both branches of the working portion
for 8 mm and fixed in that position by soldering. The front side of the lead-in wires is a part of a conical surface (see
Fig. 2), wherein 7 are lead-in wires, 8 are two branches of the working portion, 9 is a soldering bit; Fig. 3 shows a
section along A-A in Fig. 2. The graphite lead-in wires are jointed to the working portion by soldering with the help
of the proposed heat-resistant material having the composition: (Mo, W)5Si3, 47 vol.%; (Mo, W)Si,, 53 vol.%; 83
wt.% of molybdenum and 17 wt.% of tungsten. Each graphite lead-in wire had a length of 37 mm and was soldered
only to one branch of the electric heater. On the end of the lead-in wires opposite to the working portion there is a
contact portion for coupling to input leads. With the help of such an electric heater which can be rapidly warmed up
in air to 1500-1600°C, it is possible to solder alloys of precious metals.

EXAMPLE 16. An electric heater based on graphite for use in a microfurnace adapted to investigate high-
temperature processes in small samples. In a graphite tube having an outer diameter of 42 mm and an inner
diameter of 24 mm, and a length of 240 mm a symmetrical 100 mm-long groove is provided in the middle portion
along the outer diameter of 30 mm for a working portion. Two junctions between the groove and the tube edges are
made in the form of conical grooves (with @40xZ30) along the outer diameter, each 30 mm long. The tube halves
cut with the help of a narrow cutter along the tube axis are interconnected by soldering with the proposed heat-
resistant material of the composition: phases (Mo, W)5Sis, 47 vol.%; (Mo, W)Si,, 53 vol.%, containing in the total
mass 82% of molybdenum, 10% of tungsten and 8% of rhenium. Before jointing the halves into a tube by soldering,
a three-layer protective coating was applied to the external and internal surfaces of the working portion and the
conical junction (see Fig. 4 which shows diagrammatically an electric heater for a microfurnace operating in air).
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The first internal layer (see Fig. 4, layer |, | is a fragment of a multilayer protective coating, presented for an external
layer, is enlarged in Fig. 4; 10 is an internal "REFSIC" layer, 11 is an intermediate silicide layer, 12 is an internal
oxide layer of the coating) having a thickness of 200-400 um, contains "REFSIC" composite material (Mo, W)5Sis
+ (Mo, W)5Si3C, 21 vol.%; (Mo, W)Si,, 24 vol.%; predominantly bound silicon carbide, 55 vol.%; the total content
of molybdenum and tungsten, 75 and 25 wt.%, respectively. Applied thereto is a second 100-300 um thick layer
from the proposed heat-resistant material (Mo, W)Sis, 35 vol.%; (Mo, W)Si,, 65 vol.% (see Fig. 4, layer II, Il is a
soldered joint between the halves of the heater) with the total content of molybdenum and tungsten being 85 and
15 wt.%, respectively. After soldering the halves along the length of the working portion and conical junction, a third
layer (see Fig. 3, layer 3) of the protective coating is applied, having a thickness of 150-400 wm and containing (in
wt.%): SiO,, 73; K,0, 21; SrO, 3; Y,03, 3. The external edges of the graphite tube which function as lead-in wires
are secured in water-cooled contacts. The temperature in the interior of the tube in the middle of the working portion
reaches 1600-1700°C.

Claims

A heat-resistant material comprising molybdenum and tungsten silicides MesSi; and MeSi, and optionally silicon
carbide, characterized in that it comprises silicides in the form of solid solutions (Mo, W);Sis, (Mo, W);5Si;C and
(Mo, W)Si, with the following ratio of the components (in vol.%):

(Mo, W)5Si; and/or (Mo, W)5Si;C  5-98,
(Mo, W)Si, 2-95,

the ratio of molybdenum and tungsten in the total mass of the refractory metals in the heat-resistant material ranging
within (in wt.%):

Mo  2-90,
w 10-98,

the material optionally comprising

silicon carbide  0-55 vol.%

wherein (i) MosSi3 and/or W5Si3 and/or MosSi;C may replace 0-90 % of the total volumetric content of phases (Mo,
W)5Si3 and/or (Mo, W)5Si;C, and/or (ii) MoSi, and/or WSi, may replace 0-90 % of the volumetric content of the
phase (Mo, W)Sij;

wherein rhenium may be comprised in an amount of 0-30 wt.% in at least one of the silicide phases MogSiz, W5Sis,
(Mo, W);Sis, (Mo, W)5Si;C, MogSisC, MoSi,, WSi,, (Mo, W)Si,, as a dopant,

wherein at least one of said silicide phases may comprise one or more of tantalum, niobium, titanium, zirconium
and hafnium, in the following amounts (wt.%): Ta, 0-28; Nb, 0-18; Ti, 0-15; Zr, 0-19; Hf, 0-26, said element(s)
substituting tungsten and molybdenum,

and wherein (i) no silicon carbide grains bound at lengths of 1 mm or more are present; and (ii) phases of pure
carbon are not present.

A heat-resistant material according to claim 1, characterized in that it further comprises at least one of the following
elements which actively bind oxygen: boron, aluminum, germanium, sodium, potassium, cesium, magnesium, cal-
cium, barium, strontium, scandium, yttrium, lanthanum, and/or lanthanoids and manganese, the total amount of
these elements being within 0-12 wt.% of the weight of the entire heat-resistant material, and being in the form of
simple or complex oxides, including silicates, in silicate system.

A heat-resistant material according to claim 1, characterized in that it comprises at least one element of vanadium,
chromium, iron, nickel and cobalt in a total amount of 0-5 % of the weight of the entire material, said elements being
in the form of their simple and/or complex oxides, including silicates, and/or in the form of alloys of these elements
with silicon and/or with at least one of the following metals: tungsten, molybdenum, rhenium, tantalum, niobium,
titanium, zirconium and hafnium.
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A heat-resistant material according to claim 1, characterized in that it contains grains of silicides having a cross-
section smaller than 80 pm.

A heat-resistant material according to claim 1, which is two-layered or multilayered, with layers differing in the
chemical composition, phase composition, and structure.

A heat-resistant material according to claim 1, which is in the form of a coating or soldered joint for components of
a part from refractory metals or alloys and/or carbon and silicon carbide materials and/or composite materials
comprising silicides of refractory metals and silicon carbide, and its total thickness is within 0.02-10.0 mm.

A heat-resistant material according to claim 6, characterized in that it has an outer silicate layer containing 40-99.9
wt.% of silicon oxides, and also 0.1-60 wt.% in the sum of oxides of at least one of the following elements: boron,
germanium, aluminum, zinc, bismuth, lithium, sodium, potassium, cesium, magnesium, calcium, strontium, barium,
scandium, yttrium, lanthanum and/or lanthanoids, titanium, zirconium, hafnium, tantalum, niobium, vanadium, chro-
mium, manganese, iron, nickel, cobalt, molybdenum, tungsten and rhenium.

A heat-resistant material according to claim 6, characterized in that it contains 0-75 vol.% of pores in the inner layers.

A heat-resistant material according to claim 1, characterized in that it contains on its surface grains of tetragonal
phases (Mo, W)Si, and/or MoSi, and/or WSi,, these phases having a predominant crystallographic orientation
(texture) with crystallographic planes {001} parallel to the surface.

An electric heater for operation in an oxidative medium at temperatures of up to 1600-2000 °C, consisting of a
working portion and current lead-in wires manufactured from (i) a " composite material comprising silicon carbide
and silicides of molybdenum or of tungsten characterized by the presence of skeleton structures of silicon carbide
and/or (ii) of graphite and/or (iii) of other dense carbon material and/or (iv) of refractory metals or alloys thereof
and/or (v) of silicon carbide, characterized in that a heat-resistant material as defined in claim 1 is applied as a
protective coating to the working portion and to the current lead-in wires of the electric heater, the current lead-in
wires and the working portion being interconnected by a soldered joint of a heat-resistant material as definedinclaim 1.

An electric heater according to claim 10, wherein the heat-resistant material is applied as a protective coating on a
sublayer of a protective coating formed from a composite material comprising silicon carbide and silicides of mo-
lybdenum and tungsten characterized by the presence of skeleton structures of silicon carbide.

An electric heater for operation in an oxidative atmosphere at temperatures of up to 1400-1600 °C, consisting of a
working portion manufactured from silicon carbide and current lead-in wires manufactured from (i) a material com-
prising silicon carbide and silicides of molybdenum or tungsten characterized by the presence of skeleton structures
of silicon carbide and/or (ii) graphite and/or (iii) other dense carbon material, characterized in that a heat-resistant
material as defined in claim 1 is applied as a protective coating to the current lead-in wires of the electric heater and
in that the current lead-in wires and the working portion are interconnected by a soldered joint of the heat-resistant
material as defined in claim 1.

An electric heater according to any of claims 10-12, characterized in that the current lead-in wires are made from
graphite or other dense carbon material having a contact portion free of the protective layer.

An electric heater according to any of claims 10-13, characterized in that the current lead-in wires consist of an
envelope made from graphite or other dense carbon material and/or silicon carbide material and/or a composite
material comprising silicon carbide and silicides of molybdenum and tungsten characterized by the presence of
skeleton structures of silicon carbide, and a core located in the interior space of the envelope, said core being a
current conductor made from a refractory metal or alloy, soldered with the envelope of the current lead-in wire
throughout the length thereof with the help of the heat-resistant material as defined in claim 1 and having a protective
coating from the heat-resistant material as defined in claim 1 on the current lead-in wire.

An electric heater according to any of claims 10-13, characterized in that the current lead-in wires consist of an
envelope made from graphite or other dense carbon material and/or silicon carbide material and/or a composite
material comprising silicon carbide and silicides of molybdenum and tungsten characterized by the presence of
skeleton structures of silicon carbide, and a current-conducting core made from a refractory metal or alloy located
in the interior space of the envelope, said core being soldered with the envelope of the current lead-in wire only at
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a distance of up to 10 mm from the place of soldering the current lead-in wire with the working portion, and the
contact portion of the current lead-in wire being at the end of the current conductor made from a refractory metal,
opposite to the place of soldering with the working portion.

An electric heater according to any of claims 10-15, characterized in that the working portion is made of two
branches interconnected by soldering with the heat-resistant material as defined in any of claims 1-9 either directly
and/or with the help of one or more connection straps made from a material comprising silicon carbide and silicides
of molybdenum or tungsten characterized by the presence of skeleton structures of silicon carbide provided with
a protective coating from the heat-resistant material as defined in any of claims 1-9 on different portions and soldered
to the working portions with the help of the heat-resistant material as defined in any of claims 1-9 on different portions,
the resistivity of the straps being less than or equal to the resistivity of the branches of the working portion of the
heater, and the cross-section of the straps being greater than or equal to the cross-section of the branches of the
working portion.

An electric heater according to any of claims 10-16, characterized in that the working portion contains inserts
made from a material comprising silicon carbide and silicides of molybdenum or tungsten characterized by the
presence of skeleton structures of silicon carbide which connect the current lead-in wire with the insert and the insert
with the working portions by soldering with the help of the heat-resistant material as defined in any of claims 1-9 on
different portions, the insert having a protective coating made from the heat-resistant material as defined in any of
claims 1-9 on different portions and the resistivity of the insert being smaller than or equal to the resistivity of the
working portion of the heater, and the cross-section of the insert being greater than or equal to the cross-section of
the branches of the working portion.

Patentanspriiche

1.

Hitzebesténdiges Material, umfassend Molybdén- und Wolframsilicide MegSi; und MeSi, und optional Siliciumcarbid,
dadurch gekennzeichnet, dass es Silicide in Form von festen Lésungen (Mo,W)5Si3, (Mo,W)Si;C und (Mo, W)
Si, in folgendem Komponentenverhaltnis (Vol.%) umfasst:

(Mo,W)5Si; und/oder (Mo,W)5SisC ~ 5-98
(Mo,W)Si, 2-95

wobei das Verhaltnis von Molybdan und Wolfram in der Gesamtmasse der hochschmelzenden Metalle in dem
hitzebestandigen Material innerhalb folgender Bereiche liegt (Gew.%):

Mo  2-90
W 10-98

wobei das Material optional

Siliciumcarbid  0-55 Vol.%

umfasst,

worin (i) MosSi; und/oder WSi3 und/oder MosSi;C 0 bis 90 % des volumetrischen Gesamtgehalts der Phasen (Mo,
W)5Si; und/oder (Mo,W)5Si;C ersetzen kénnen, und/oder (ii) MoSi, und/oder WSi, 0 bis 90 % des volumetrischen
Gehalts der Phase (Mo,W)Si, ersetzen kénnen;

worin Rhenium in einer Menge von 0 bis 30 Gew.% in wenigstens einer der Silicidphasen MogSi3, WsSi;, (Mo,
W)5Sis, (Mo,W)sSi;C, MosSi;C, MoSi,y, WSi,, (Mo,W)Si, als Dotiersubstanz enthalten sein kann,

worin wenigstens eine der Silicidphasen ein oder mehrere von Tantal, Niob, Titan, Zirkon und Hafnium in den
folgenden Mengen (Gew.%) umfassen kann: Ta 0 bis 28, Nb 0 bis 18, Ti 0 bis 15, Zr 0 bis 19, Hf O bis 26, wobei
das/die Element(e) Wolfram und Molybdan substituieren,

und worin (i) keine Siliciumcarbidkérner vorhanden sind, die in Ladngen von 1 mm oder mehr gebunden sind; und
(i) reine Kohlenstoffphasen nicht vorhanden sind.

Hitzebesténdiges Material geméass Anspruch 1, dadurch gekennzeichnet, dass es zuséatzlich wenigstens eines
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der folgenden Elemente umfasst, die aktiv Sauerstoff binden: Bor, Aluminium, Germanium, Natrium, Kalium, Casium,
Magnesium, Calcium, Barium, Strontium, Scandium, Yttrium, Lanthan und/oder Lanthanoide und Mangan, wobei
die Gesamtmenge dieser Elemente 0 bis 12 Gew.% des Gewichts des gesamten hitzebestandigen Materials betragt
und in Form einfacher oder komplexer Oxide, umfassend Silicate, in einem Silicatsystem vorliegt.

Hitzebesténdiges Material geméss Anspruch 1, dadurch gekennzeichnet, dass es wenigstens eines der Elemente
Vanadium, Chrom, Eisen, Nickel und Kobalt in einer Gesamtmenge von 0 bis 5 % des Gewichts des gesamten
Materials umfasst, wobei die Elemente in Form ihrer einfachen und/oder komplexen Oxide, umfassend Silicate,
und/oder in Form von Legierungen dieser Elemente mit Silicium und/oder mit wenigstens einem der folgenden
Metalle vorliegen: Wolfram, Molybdan, Rhenium, Tantal, Niob, Titan, Zirkon und Hafnium.

Hitzebestandiges Material gemass Anspruch 1, dadurch gekennzeichnet, dass es Silicidkdrner mit einem Quer-
schnitt von weniger als 80 p.m enthalt.

Hitzebestandiges Material gemass Anspruch 1, das zweischichtig oder vielschichtig ist, wobei sich Schichten in der
chemischen Zusammensetzung, Phasenzusammensetzung und Struktur unterscheiden.

Hitzebesténdiges Material geméass Anspruch 1, das in Form einer Beschichtung oder eines Létanschlusses fir
Komponenten eines Teils aus hochschmelzenden Metallen oder Legierungen und/oder Kohlenstoff- und Silicium-
carbidmaterialien und/oder Verbundmaterialien, umfassend Silicide hochschmelzender Metalle und Siliciumcarbid,
vorliegt und dessen Gesamtdicke innerhalb eines Bereichs von 0,02 bis 10,0 mm liegt.

Hitzebesténdiges Material geméass Anspruch 6, dadurch gekennzeichnet, dass es eine dussere Silicatschicht
aufweist, die 40 bis 99,9 Gew.% Siliciumoxide und ebenfalls 0,1 bis 60 Gew.%, bezogen auf die Summe der Oxide,
wenigstens eines der folgenden Elemente enthalt: Bor, Germanium, Aluminium, Zink, Wismut, Lithium, Natrium,
Kalium, Casium, Magnesium, Calcium, Strontium, Barium, Scandium, Yttrium, Lanthan und/oder Lanthanoide, Titan,
Zirkon, Hafnium, Tantal, Niob, Vanadium, Chrom, Mangan, Eisen, Nickel, Kobalt, Molybdan, Wolfram und Rhenium.

Hitzebesténdiges Material geméss Anspruch 6, dadurch gekennzeichnet, dass es 0 bis 75 Vol.% Poren in den
inneren Schichten enthalt.

Hitzebesténdiges Material gemass Anspruch 1, dadurch gekennzeichnet, dass es auf seiner Oberflache Kérner
tetragonaler Phasen (Mo,W)Si, und/oder MoSi, und/oder WSi, enthélt, wobei diese Phasen eine vorherrschende
kristallografische Orientierung (Struktur) mit kristallografischen Ebenen {001} parallel zur Oberflache aufweisen.

Elektrische Heizvorrichtung zum Betrieb in einem oxidativen Medium bei Temperaturen von bis zu 1.600 bis 2.000°C,
die aus einem Wirkbereich und Stromzuflihrungsleitungen besteht, die hergestellt sind aus (i) einem Verbundma-
terial, umfassend Siliciumcarbid und Silicide von Molybdan oder Wolfram, dadurch gekennzeichnet, dass Ge-
ruststrukturen von Siliciumcarbid vorhanden sind, und/oder (ii) aus Graphit und/oder (iii) aus einem anderen dichten
Kohlenstoffmaterial und/oder (iv) aus hochschmelzenden Metallen oder Legierungen davon und/oder (v) aus Sili-
ciumcarbid, dadurch gekennzeichnet, dass ein hitzebesténdiges Material, wie in Anspruch 1 definiert, als Schutz-
schicht auf den Wirkbereich und die Stromzufiihrungsleitungen der elektrischen Heizvorrichtung aufgetragen ist,
wobei die Stromzufiihrungsleitungen und der Wirkbereich mit einem Létanschluss eines hitzebestéandigen Materials,
wie in Anspruch 1 definiert, miteinander verbunden sind.

Elektrische Heizvorrichtung gemass Anspruch 10, worin das hitzebestandige Material als Schutzschicht auf eine
untere Schicht einer Schutzschicht aufgetragen ist, die aus einem Verbundmaterial gebildet ist, das Siliciumcarbid
und Silicide von Molybdan und Wolfram umfasst, dadurch gekennzeichnet, dass Geriststrukturen von Silicium-
carbid vorhanden sind.

Elektrische Heizvorrichtung zum Betrieb in einer oxidativen Atmosphére bei Temperaturen von bis zu 1.400 bis
1.600°C, bestehend aus einem Wirkbereich, der hergestellt ist aus Siliciumcarbid und Stromzufiihrungsleitungen,
die hergestellt sind aus (i) einem Material, umfassend Siliciumcarbid und Silicide von Molybdan oder Wolfram,
dadurch gekennzeichnet, dass GerUststrukturen von Siliciumcarbid vorhanden sind, und/oder (ii) Graphit und/
oder (iii) einem anderen dichten Kohlenstoffmaterial, dadurch gekennzeichnet, dass ein hitzebestandiges Material,
wie in Anspruch 1 definiert, als Schutzschicht auf die Stromzufiihrungsleitungen der elektrischen Heizvorrichtung
aufgetragen ist und dass die Stromzuflihrungsleitungen und der Wirkbereich mit einem Létanschluss aus dem
hitzebesténdigen Material, wie in Anspruch 1 definiert, miteinander verbunden sind.
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Elektrische Heizvorrichtung gemass einem der Anspriiche 10 bis 12, dadurch gekennzeichnet, dass die Strom-
zuflihrungsleitungen aus Graphit oder einem anderen dichten Kohlenstoffmaterial mit einem schutzschichtfreien
Kontaktbereich hergestellt sind.

Elektrische Heizvorrichtung gemass einem der Anspriiche 10 bis 13, dadurch gekennzeichnet, dass die Strom-
zufiihrungsleitungen aus einer Hiille bestehen, die hergestellt sind aus Graphit oder einem anderen dichten Koh-
lenstoffmaterial und/oder Siliciumcarbidmaterial und/oder einem Verbundmaterial, umfassend Siliciumcarbid und
Silicide von Molybdan und Wolfram, dadurch gekennzeichnet, dass Geruststrukturen von Siliciumcarbid vorhan-
den sind, und aus einer Ader, die im Inneren der Hille angeordnet ist, wobei die Ader ein Stromleiter ist, der
hergestellt ist aus einem hochschmelzenden Metall oder einer Legierung, der mit der Hiille der Stromzufiihrungs-
leitung Uber die gesamte Lange mit Hilfe des hitzebestadndigen Materials, wie in Anspruch 1 definiert, verlotet ist,
und eine Schutzschicht aus dem hitzebestandigen Material, wie in Anspruch 1 definiert, auf der Stromzufiihrungs-
leitung aufweist.

Elektrische Heizvorrichtung gemass einem der Anspriche 10 bis 13, dadurch gekennzeichnet, dass die Strom-
zuflihrungsleitungen aus einer Hiille bestehen, die hergestellt sind aus Graphit oder einem anderen dichten Koh-
lenstoffmaterial und/oder Siliciumcarbidmaterial und/oder einem Verbundmaterial, umfassend Siliciumcarbid und
Silicide von Molybdan und Wolfram, dadurch gekennzeichnet, dass Geruststrukturen von Siliciumcarbid vorhan-
den sind und aus einer im Inneren der Hiille angeordneten stromflihrenden Ader, die aus einem-hochschmelzenden
Metall oder einer Legierung hergestellt ist, wobei die Ader mit der Hulle der Stromzufiihrungsleitung lediglich tber
eine Distanz von bis zu 10 mm von der Stelle verldtet ist, an der die Stromzufiihrungsleitung mit dem Wirkbereich
verl6tet ist und wobei der Kontaktbereich der Stromzufiihrungsleitung am Ende des aus einem hochschmelzenden
Metall hergestellten Stromleiters gegeniiber der Stelle angeordnet ist, die mit dem Wirkbereich verlétet wird.

Elektrische Heizvorrichtung geméss einem der Anspriiche 10 bis 15, dadurch gekennzeichnet, dass der Wirk-
bereich aus zwei Ablegern hergestellt ist, die miteinander verbunden sind durch Verléten mit dem hitzebesténdigen
Material, wie in einem der Anspriiche 1 bis 9 definiert, entweder direkt und/oder mit Hilfe einer oder mehrerer
Verbindungsbriicken, die aus einem Material hergestellt sind, umfassend Siliciumcarbid und Silicide von Molybdan
und/oder Wolfram, dadurch gekennzeichnet, dass Gerilststrukturen von Siliciumcarbid vorliegen, und die mit
einer Schutzschicht aus dem hitzebestandigen Material, wie in einem der Anspriiche 1 bis 9 definiert, auf verschie-
denen Bereichen beschichtet wurden und die mit den Wirkbereichen mit Hilfe des hitzebestandigen Materials, wie
in einem der Anspriiche 1 bis 9 definiert, auf verschiedenen Bereichen verlétet wurden, wobei die Widerstandsfa-
higkeit der Briicken geringerist als oder genauso gross ist wie die Widerstandsfahigkeit der Ableger des Wirkbereichs
der Heizvorrichtung, und der Querschnitt der Briicken grosser ist als oder genauso gross ist wie der Querschnitt
der Ableger des Wirkbereichs.

Elektrische Heizvorrichtung geméss einem der Anspriiche 10 bis 16, dadurch gekennzeichnet, dass der Wirk-
bereich Einsatze enthalt, die hergestellt sind aus einem Material, umfassend Siliciumcarbid und Silicide von Molybdan
und Wolfram, dadurch gekennzeichnet, dass Geriststrukturen von Siliciumcarbid vorliegen, die die Stromzufih-
rungsleitung mit den Einsétzen und die Einsatze mit den Wirkbereichen durch Létstellen mit Hilfe des hitzebestén-
digen Materials, wie in einem der Anspruche 1 bis 9 definiert, auf verschiedenen Bereichen verbinden, wobei der
Einsatz auf verschiedenen Bereichen eine Schutzschicht aufweist, die hergestellt ist aus dem hitzebestandigen
Material, wie in einem der Anspriiche 1 bis 9 definiert, und wobei die Widerstandsfahigkeit des Einsatzes geringer
istals oder genauso gross ist wie die Widerstandsfahigkeit des Wirkbereichs der Heizvorrichtung, und der Querschnitt
des Einsatzes grosser ist als oder genauso gross ist wie der Querschnitt der Ableger des Wirkbereichs.

Revendications

Matériau résistant a la chaleur comprenant des siliciures de molybdéne et de tungsténe MesSi; et MeSi, et éven-
tuellement du carbure de silicium, caractérisé en ce qu’il comprend des siliciures sous forme de solutions solides
(Mo, W)5Si3, (Mo, W)5SisC et (Mo, W)Si,, avec le rapport suivant des composants (en % en volume) :

(Mo,W)5Siz et/ou (Mo, W)5SisC  5-98
(Mo,W)Si, 2-95,

le rapport du molybdéne et du tungstene dans la masse totale des métaux réfractaires dans le matériau résistant
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a la chaleur étant comprise entre (en % en poids) :

Mo  2-90
w 10-98,

le matériau comprenant éventuellement

du carbure de silicium  0-55 % en volume,

dans lequel (i) le Mo5Sij et/ou le W5Si; et/ou le MogSi;C peuvent remplacer 0-90 % de la teneur volumétrique totale
des phases (Mo, W)sSi; et/ou (Mo, W)5Si;C et/ou (Mo,W)Si, et/ou WSi, peut remplacer 0-90 % de la teneur
volumétrique de la phase (Mo,W)Si, ;

dans lequel le rhénium peut étre compris dans une quantité de 0-30 % en poids dans au moins une des phases de
siliciure MogSis3, W5Sis, (Mo,W)5Si;, (Mo,W)5SisC, MogSi; C, MoSi,, WSi,, (Mo,W)Si,, en tant qu’agent dopant,
dans lequel au moins une desdites phases de siliciure peut comprendre un ou plusieurs éléments parmi le tantale,
le niobium, le titane, le zirconium et le hafnium, dans les quantités suivantes (% en poids) : Ta, 0-28 ; Nb, 0-18 ; Ti,
0-15; Zr, 0-19 ; Hf : 0-26, ledit (lesdits) élément(s) substituant le tungsténe et le molybdene,

et dans lequel (i) aucun grain de carbure de silicium lié¢ a des longueurs de 1 mm ou plus n’est présent ; et (ii) aucune
phase de carbone pur n’est présente.

Matériau résistant a la chaleur selon la revendication 1, caractérisé en ce qu’il comprend en outre au moins un
des éléments suivants qui lient activement I'oxygéne : bore, aluminium, germanium, sodium, potassium, césium,
magnésium, calcium, baryum, strontium, scandium, yttrium, lanthane et/ou lanthanoides et manganése, la quantité
totale de ces éléments étant comprise entre 0-12 % en poids du poids total du matériau résistant a la chaleur, et
étant sous la forme d’oxydes simples ou complexes, y compris les silicates, dans le systéme de silicate.

Matériau résistant a la chaleur selon la revendication 1, caractérisé en ce qu’il comprend au moins un élément
parmi le vanadium, le chrome, le fer, le nickel et le cobalt, dans une quantité totale de 0-5 % du poids du matériau
total, lesdits éléments étant sous la forme de leurs oxydes simples et/ou complexes, y compris les silicates, et/ou
sous la forme d’alliages de ces éléments avec du silicium et/ou avec au moins un des métaux suivants : tungsténe,
molybdéne, rhénium, tantale, niobium, titane, zirconium et hafnium.

Matériau résistant a la chaleur selon la revendication 1, caractérisé en ce qu’il contient des grains de siliciure
ayant une section transversale inférieure a 80 pm.

Matériau résistant a la chaleur selon la revendication 1, qui est a deux couches ou multicouches, les couches
différant dans leur composition chimique, leur composition de phase et leur structure.

Matériau résistant a la chaleur selon la revendication 1, qui est sous la forme d’'un revétement ou d’un joint soudé
pour les composants d’une piece, en métaux réfractaires ou en alliages et/ou en matériaux de carbone et de carbure
de silicium et/ou en matériaux composites comprenant les siliciures de métaux réfractaires et de carbure de silicium,
et son épaisseur totale est comprise entre 0,02 et 10,0 mm.

Matériau résistant a la chaleur selon la revendication 6, caractérisé en ce qu’il présente une couche de silicate
extérieure contenant 40-99,9 % en poids d’oxydes de silicium, et également 0,1-60 % en poids dans la somme
d’oxydes d’au moins un des éléments suivants : bore, germanium, aluminium, zinc, bismuth, lithium, sodium, po-
tassium, césium, magnésium, calcium, strontium, baryum, scandium, yttrium, lanthane et/ou lanthanoides, titane,
zirconium, hafnium, tantale, niobium, vanadium, chrome, manganése, fer, nickel, cobalt, molybdéne, tungstene et
rhénium.

Matériau résistant a la chaleur selon la revendication 6, caractérisé en ce qu’il contient 0-75 % en volume de pores
dans les couches internes.

Matériau résistant a la chaleur selon la revendication 1, caractérisé en ce qu’il contient sur sa surface des grains

de phases tétragonales (Mo, W)Si, et/ou MoSi, et/ou WSi,, ces phases ayant une orientation cristallographique
prédominante (texture) avec des plans cristallographiques (001) paralléles a la surface.
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Chauffage électrique, destiné a fonctionner dans un milieu oxydant a des températures pouvant atteindre
1600-2000°C, consistant en une portion de fonctionnement et des fils conducteurs de courant, fabriqués a partir (i)
d’'un matériau composite comprenant du carbure de silicium et des siliciures de molybdéne ou de tungsténe, ca-
ractérisé par la présence de structures d’'ossature de carbure de silicium et/ou (ii) de graphite et/ou (iii) d’un autre
matériau de carbone dense et/ou (iv) de métaux réfractaires ou alliages de ceux-ci et/ou (v) de carbure de silicium,
caractérisé en ce qu’un matériau résistant a la chaleur, comme défini dans la revendication 1, est appliqué comme
revétement de protection a la portion de fonctionnement et aux fils conducteurs de courant du chauffage électrique,
les fils conducteurs de courant et la portion de fonctionnement étant interconnectés par un joint soudé, réalisé en
un matériau résistant a la chaleur, comme défini dans la revendication 1.

Chauffage électrique selon la revendication 10, dans lequel le matériau résistant a la chaleur est appliqué comme
un revétement protecteur sur une sous-couche d’un revétement de protection, formé a partir d’'un matériau composite
comprenant du carbure de silicium et des siliciures de molybdene et de tungsténe, caractérisé par la présence de
structures d’ossature de carbure de silicium.

Chauffage électrique destiné a fonctionner dans une atmospheére oxydante a des températures pouvant atteindre
1400-1600°C, constitué d’'une portion de fonctionnement fabriquée a partir de carbure de silicium et de fils conduc-
teurs de courant, fabriqués a partir (i) d’'un matériau comprenant du carbure de silicium et des siliciures de molybdéne
ou de tungsténe, caractérisé par la présence de structures d’ossature de carbure de silicium et/ou (ii) de graphite
et/ou (iii) d’'un autre matériau de carbone dense, caractérisé en ce qu’un matériau résistant a la chaleur, comme
défini dans la revendication 1, est appliqué comme revétement de protection aux fils conducteurs de courant du
chauffage électrique et en ce que les fils conducteurs de courant et la portion de fonctionnement sont interconnectés
par un joint soudé en matériau résistant a la chaleur, comme défini selon la revendication 1.

Chauffage électrique selon I'une quelconque des revendications 10-12, caractérisé en ce que les fils conducteurs
de courant sont faits de graphite ou d’'un autre matériau de carbone dense, ayant une portion de contact dénuée
de couche de protection.

Chauffage électrique selon I'une quelconque des revendications 10-13, caractérisé en ce que les fils conducteurs
de courant sont constitués d’une enveloppe réalisée en graphite ou en un autre matériau de carbone dense et/ou
en un matériau de carbure de silicium et/ou en un matériau composite comprenant du carbure de silicium et des
siliciures de molybdéne et de tungsténe, caractérisé par la présence de structures d’ossature de carbure de silicium,
et d’'un noyau situé dans I'espace intérieur de I'enveloppe, ledit noyau étant un conducteur de courant obtenu a
partir d’'un métal réfractaire ou d’'un alliage, soudé avec 'enveloppe du fil conducteur de courant sur toute sa longueur,
al'aide du matériau résistant a la chaleur, comme défini dans la revendication 1 et ayant un revétement de protection
réalisé dans ledit matériau résistant ala chaleur, comme défini dans larevendication 1, sur le fil conducteur de courant.

Chauffage électrique selon I'une quelconque des revendications 10-13, caractérisé en ce que les fils conducteurs
de courant sont constitués d’une enveloppe réalisée en graphite ou en un autre matériau de carbone dense et/ou
en un matériau de carbure de silicium et/ou en un matériau composite comprenant du carbure de silicium et des
siliciures de molybdéne et de tungsténe, caractérisé par la présence de structures d’ossature de carbure de silicium,
et d’un noyau conducteur de courant obtenu a partir d’'un métal réfractaire ou alliage, situé dans I'espace intérieur
de I'enveloppe, ledit noyau étant soudé avec I'enveloppe du fil conducteur de courant seulement a une distance
pouvant atteindre 10 mm par rapport a I'endroit de la soudure du fil conducteur de courant avec la portion de
fonctionnement, et la portion de contact du fil conducteur de courant étant a I'extrémité du conducteur de courant,
réalisé en un matériau réfractaire, a 'opposé de I'endroit de la soudure avec la portion de fonctionnement.

Chauffage électrique selon I'une quelconque des revendications 10-15, caractérisé en ce que la portion de fonc-
tionnement est constituée de deux ramifications interconnectées par soudage avec le matériau résistant ala chaleur,
comme défini dans I'une quelconque des revendications 1-9, directement et/ou a I'aide d’une ou plusieurs bandes
de connexion réalisées en un matériau comprenant du carbure de silicium et des siliciures de molybdéne ou de
tungsténe, caractérisé par la présence de structures d’ossature de carbure de silicium, dotées d'un revétement
de protection en matériau résistant a la chaleur, comme défini dans I'une quelconque des revendications 1-9 sur
différentes portions, la résistivité des bandes étant inférieure ou égale a la résistivité des ramifications de la portion
de fonctionnement du chauffage, et la section transversale des bandes étant supérieure ou égale a celle des
ramifications de la portion de fonctionnement.

Chauffage électrique selon I'une quelconque des revendications 10-16, caractérisé en ce que la portion de fonc-
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tionnement contient des inserts faits en un matériau comprenant du carbure de silicium et des siliciures de molybdene
ou de tungsténe, caractérisé par la présence de structures d'ossature de carbure de silicium qui relient le fil
conducteur de courant a l'insert et I'insert aux portions de fonctionnement par soudage, a I'aide du matériau résistant
a la chaleur, comme défini dans I'une quelconque des revendications 1-9, sur différentes portions, I'insert ayant,
sur différentes portions, un revétement de protection en matériau résistant a la chaleur, comme défini dans l'une
quelconque des revendications 1-9, et la résistivité de l'insert étant inférieure ou égale a la résistivité de la portion
de fonctionnement du chauffage, et la section transversale de I'insert étant supérieure ou égale a la section trans-
versale des ramifications de la portion de fonctionnement.
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